Helicase activity is required for T antigen to unwind the simian virus 40 origin. We previously mapped this activity to residues 131 and 616. In this study, we generated a series of mutants with single-point substitutions in the helicase domain to discover other potential activities required for helicase function. A number of DNA unwinding-defective mutants were generated. Four of these mutants (456RA, 460ED, 462GA, and 499DA) were normal in their ability to hydrolyze ATP and were capable of associating into double hexamers in the presence of origin DNA. Furthermore, they possessed normal ability to bind to single-stranded DNA. However, they were severely impaired in unwinding origin-containing DNA fragments and in carrying out a helicase reaction with an M13 partial duplex DNA substrate. Interestingly, these mutants retained some ability to perform a helicase reaction with artificial replication forks, indicating that their intrinsic helicase activity was functional. Intriguingly, these mutants had almost completely lost their ability to bind to double-stranded DNA nonspecifically. The mutants also failed to melt the early palindrome region of the origin. Taken together, these results indicate that the mutations have destroyed a novel activity required for unwinding of the origin. This activity depends on the ability to bind to DNA nonspecifically, and in its absence, T antigen is unable to structurally distort and subsequently unwind the origin.
The large tumor (T) antigen encoded by simian virus 40 (SV40) is a phosphoprotein that has diverse roles in viral DNA replication and transformation (for reviews, see references 7, 19, 43, and 58) . The initiation of DNA replication is a series of tightly regulated events. At first, T antigen binds to the 64-bp core origin of replication in a sequence-specific manner. The two pairs of GAGGC pentanucleotides, termed site II, in the core origin serve as the major binding site for T antigen (16) . In the presence of ATP, individual monomers of T antigen multimerize cooperatively into a double hexamer, a bilobed structure encircling the origin (12, 28, 63, 67) . Interestingly, preformed hexamers of T antigen were shown to be active in origin DNA binding and unwinding, implying that T antigen is versatile in performing these activities (62) .
Formation of double hexamers is well supported by either of the two assembly units made up of pentanucleotides 1, 3, and the early palindrome (EP) region or pentanucleotides 2, 4, and the AT track (23, 24, 52 ). An intact origin, however, is needed for efficient unwinding (13, 33) . After hexamerization, T antigen partially melts the EP region and untwists the AT track (3, 5, 6, 15, 32) . At the expense of ATP hydrolysis, the distorted origin is subsequently unwound bidirectionally by the helicase activity of T-antigen double hexamers (36, 49, 54) . Once unwinding is initiated, the two hexamers likely remain associated with each other, with the separated single-stranded DNA threading through the hexameric channels (50, 67) . At least three other host protein factors are loaded on the helicase machine to form a functional replication initiation complex.
These include replication protein A (11, 30, 69) , topoisomerase I (20, 45, 46, 61) , and DNA polymerase ␣-primase (18, 31) .
Aside from its origin binding activity, T antigen is capable of binding to double-stranded and single-stranded DNA nonspecifically (8, 51) . The double-stranded binding activity has been roughly mapped to two separate regions. The first region resides in the origin DNA binding domain (2, 29, 41, 42, 57) . A close scrutiny of single-point substitution mutants in the origin DNA binding domain revealed that element B1 (residues 183 to 187) participates primarily in nonspecific DNA binding (48) . The loss of nonspecific binding activity prevented mutant T antigens from engaging the origin DNA, suggesting that nonspecific contacts with DNA are required for origin-specific binding (44, 48) . However, their DNA binding defects could also be caused by significant structural alterations resulting from mutagenesis (47) . The second region is located between residues 269 and 522 (26) . Although it accounts for most of the nonspecific binding (ϳ85%) to double-stranded DNA, full binding activity requires the cooperation between the second domain and the origin DNA binding domain (26) .
Nonspecific DNA binding activity has also been observed in papillomavirus protein E1 (37, 74) . During assembly over DNA, E1 undergoes a shift from an initial origin-specific binding protein to a subsequent nonspecific DNA helicase (55) . Recent data from Titolo et al. (60) indicated that, in the presence of ADP-Mg, the binding specificity of T antigen was significantly reduced. These results suggest that nonspecific DNA binding is universally needed for replication initiators and is likely employed after origin-specific binding occurs. The role of nonspecific double-stranded DNA binding has been implicated previously in structural distortion of the origin (9, 38) .
T antigen's single-stranded DNA binding activity requires a region between residues 301 and 627 (70) . A detailed study of this activity demonstrated that it is not needed for originspecific binding but appeared to be involved in structural distortion and unwinding of the origin-containing DNA (71) . These features of single-stranded DNA binding are consistent with the fact that T antigen associates with only one strand of DNA when unwinding the replication fork (39) . As a helicase, T antigen is able to unwind DNA in a 3Ј-to-5Ј fashion (21, 54, 68) . It is capable of unwinding double-stranded DNA (66) , artificial replication forks (1, 39, 49) , and replication bubbles (49, 50) . The region responsible for helicase activity has been mapped to residues 131 to 616 and harbors both DNA binding domains (72) . As shown in the crystal structure (25) , the domain by itself is organized into two closely associated tiers that possibly slide past each other to melt and unwind the origin. In the present work, we further studied the activities of the helicase domain by generating a collection of mutants with single-point substitutions. Characterization of several mutants impaired in binding nonspecifically to doublestranded DNA demonstrates that this activity is essential for T antigen to structurally distort and unwind the origin. Doublestranded DNA binding therefore participates in two critical steps during initiation of SV40 DNA replication.
MATERIALS AND METHODS
Oligonucleotide-directed mutagenesis. Single-point substitutions of SV40 T antigen were generated as described previously (27) by annealing an oligonucleotide harboring a desired point mutation to a uridine-containing single-stranded pSK(Ϫ)SVT cDNA (26) . The annealed oligonucleotide was extended with T4 DNA polymerase (New England Biolabs), and the resulting complementary strand was sealed with T4 DNA ligase. The DNA was used to transform Escherichia coli DH5␣ cells, and individual colonies were screened for plasmid DNA with the correct mutation by standard dideoxy DNA sequencing.
Construction of recombinant baculoviruses. pSK(Ϫ)SVT cDNA bearing a point substitution was digested with BamHI, and the smaller fragment was ligated to a BamHI-linearized p941 baculovirus transfer vector (BD PharMingen). To make recombinant baculoviruses, p941 DNA with T-antigen inserts was cotransfected with BaculoGold (BD PharMingen) or BaculoPlatinum (Orbigen) DNA in Spodoptera frugiperda (Sf9) cells according to the manufacturer's instructions. T antigen-expressing recombinant viruses were purified by using plaque assays and screened by indirect immunofluorescence with anti-T monoclonal antibody PAb101 (22) .
Protein purification. Wild-type and mutant T antigens were purified from baculovirus-infected High 5 insect cells by immunoaffinity chromatography with monoclonal antibody PAb101 or PAb419 as described previously (28) . The antibody was covalently coupled to CNBr-activated Sepharose 4B beads (Pharmacia) as described in the manufacturer's protocol. After incubating cell lysates with antibody-containing beads and washing to remove unbound proteins, T antigen was eluted with ethylene glycol buffer (50% ethylene glycol, 20 mM Tris-HCl [pH 8.5], 500 mM NaCl, 1 mM EDTA, 10% glycerol), dialyzed overnight against dialysis storage buffer (10 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 50% [vol/vol] glycerol), and stored at Ϫ20°C. The concentration of purified T antigen was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Coomassie blue or silver staining of the gel by comparison with phosphorylase B.
DNA binding assays. Origin-containing DNA was prepared by end labeling a 112-bp HindIII-NcoI fragment of pSKori (45) with 32 P in the presence of T4 polynucleotide kinase (New England Biolabs) and [␥-32 P]ATP. For singlestranded DNA binding, a 55-nt oligonucleotide corresponding to the bottom strand of a synthetic replication fork (39) was end labeled with 32 P in the same way. For nonspecific double-stranded DNA binding, we end labeled a 400-bp non-SV40 DNA fragment (TaqI-D) derived from pSVOϩ plasmid (56) . All binding reactions were carried out by incubating 0.4 to 1 g of T antigen with ϳ40 fmol of 32 P-labeled DNA in replication buffer (30 mM HEPES [pH 7.5], 7 mM MgCl 2 , 40 mM creatine phosphate, 4 mM ATP, 1 mM dithiothreitol, and 0.1 mg of bovine serum albumin per ml) for 30 min at 37°C. The DNA-protein complexes were cross-linked with 0.1% glutaraldehyde for an additional 15 min at 37°C and applied to a nondenaturing composite gel (2.5% polyacrylamide and 0.6% agarose) followed by electrophoresis in Tris-borate-EDTA (TBE) buffer at 25 mA for about 3 h at 4°C. Gels were then dried and exposed to a phosphor screen (Molecular Dynamics). Binding was quantified by scanning the screen with a PhosphorImager (Molecular Dynamics) and by using ImageQuant 5.0 software.
Origin DNA unwinding assays. The same DNA described above in the origin DNA binding assay was also used as a substrate for origin DNA unwinding. T antigen was incubated with 32 P-labeled 112-bp origin DNA in replication buffer supplemented with 50 g of creatine phosphokinase per ml and 2.8 g of E. coli single-stranded DNA binding protein (Pharmacia) per ml. After 1 h at 37°C, the unwinding reactions were terminated by the addition of sodium dodecyl sulfate, EDTA, and proteinase K to final concentrations of 0.5%, 20 mM, and 0.2 mg/ml, respectively, and samples were further incubated for 30 min at 37°C and then for 5 min at 65°C. The reaction mixtures were loaded on a 7% polyacrylamide gel and subjected to electrophoresis at 770 V ⅐ h under constant voltage at 3°C in TBE buffer. The gels were dried and exposed to storage phosphor screens.
ATPase assays. To measure ATPase activity, 600 ng of T antigen was incubated with [␥-
32 P]ATP in ATPase buffer (25 mM 1,4-piperazinediethanesulfonic acid [pH 7.0], 0.1 mM NaCl, 5 mM MgCl 2 , and 0.01% Nonidet P-40) for 1 h at room temperature as described previously (10) . The reaction mixtures were spotted on polyethyleneimine cellulose thin-layer plates (EM Science), air dried, and then subjected to ascending chromatography in 0.75 M KH 2 PO 4 (pH 3.5). The plates were then air dried and exposed to X-ray film. The released inorganic phosphate and ATP were then quantitated with a Densitometer (Molecular Dynamics).
Helicase assays. The helicase assay was carried out as described by Stahl et al. (53) with modifications. A 32-mer oligonucleotide (5Ј-CCAGGGTTTTCCCAG TCACGACGTTGTAAAAC-3Ј) was annealed to M13mp19 single-stranded DNA (Invitrogen) and elongated in the presence of dCTP and [␣-32 P]dATP using Klenow DNA polymerase for 20 min at room temperature. After incubation for an additional 20 min in the presence of dATP, the substrate was purified on a Centri-Spin20 column (Princeton Separations, Inc.). Four hundred nanograms of T antigen was incubated at 37°C for 30 min in helicase buffer (53) with the labeled substrate in a volume of 20 l. The reactions were quenched by adding 5 l of stop buffer (2% sodium dodecyl sulfate, 0.1 M EDTA, and 1 mg of proteinase K per ml). The helicase substrate and released oligonucleotide were separated by electrophoresis on a 10% native polyacrylamide gel for 360 V ⅐ h at 3°C. The synthetic replication fork DNA was assembled from two partially complementary strands as described by SenGupta and Borowiec (39) . The top strand (5Ј-TTCTGTGACTACCTGGACGACCGGGTGACTAGCTG CGACGAGATGGGTGCACTGC-3Ј) was end labeled with 32 P and annealed to the bottom strand (5Ј-GTTCTAGCACTTCGAGTCAACATGGTCGTTCCCG GTGGTCCAGGTAGTCACAGA-3Ј) in annealing buffer (50 mM Tris-HCl [pH 8 .0] and 10 mM MgCl 2 ) by heating the reaction mixture to 95°C and slowly cooling down to room temperature. Similar procedures were used for making replication forks with 3Ј or 5Ј 30-nt single-stranded DNA overhangs. The sequences of replication fork with a 3Ј single-stranded DNA tail were as follows: top, 5Ј TTCTGTGACTACCTGGAC GACCGGGTGACTAGCTGCGACGAGATGGGTGCACTGC-3Ј; bottom, 5Ј-TCCCGGTGGTCCAGGTAGTCACAGA-3Ј. The sequences of replication fork with a 5Ј single-stranded DNA tail were as follows: top, 5Ј-TTCTGTGACTACCT GGACGACCGGG-3Ј; bottom, 5Ј-GTTCTAGCACTTCGAGTCAACATGGTC GTTCCCGGTGGTCCAGGTAGTCACAGA-3Ј. The annealed products were purified by gel electrophoresis. The unwinding of synthetic replication forks was conducted in a fashion similar to that for the M13mp19 helicase assay, with the exception that a 7% nondenaturing polyacrylamide gel was used, and electrophoresis was performed at 110 V for about 2.5 h at 3°C. The gels were dried, and the DNA bands were visualized and quantitated by autoradiography on a PhosphorImager.
Structural distortion assays. The melting of the early palindrome and untwisting of the AT track (structural distortion) in the SV40 origin can be detected by KMnO 4 oxidation assays as described previously by Borowiec and Hurwitz (6) . In this assay, indicated amounts of T antigens were incubated with 600 ng of origin-containing pSVO⌬2792 DNA (57) in replication buffer for 20 min at 37°C. KMnO 4 was then added to the reaction mixture to a final concentration of 6 mM to oxidize improperly base-paired thymine residues, followed by an immediate addition of 2-mercaptoethanol to a final concentration of 1.0 M to terminate the reaction. After the modified DNA was purified through a Centri-Spin20 column, a primer extension assay was performed by using a 32 P end-labeled pBR322 EcoRI primer (New England Biolabs). The extended products were subjected to electrophoresis in a 7% sequencing gel at 1,500 V for 2.5 to 3 h. Gels were dried and exposed to a PhosphorImager screen. 
RESULTS
Generation of mutations in the helicase domain. One of our major aims was to understand in more detail the mechanism of helicase activity of SV40 T antigen. Therefore, 11 highly conserved residues between residues 455 and 499 in the helicase domain (residues 131 to 616) (72) were chosen and mutated. These sites were selected on the basis of high-level sequence homology among several papovavirus large T antigens. Many of the substitutions that we made represent conservative changes (e.g., Glu for Asp and Lys for Arg) when the same amino acid was present at any one site; otherwise, we introduced alanine substitutions (with the exception of position 455, where Asp was replaced with Asn). We anticipated that mild changes would minimize any deleterious effects on the structure and stability of the protein and help us identify functionally important residues. The mutant genes were cloned into p941 baculovirus transfer vector to produce recombinant baculoviruses. Mutant T antigens were then expressed and purified from baculovirus-infected insect cells by immunoaffinity chromatography (28, 40) . All mutant T antigens were produced in yields and integrity similar to that for the wild-type T antigen.
Helicase activities of mutant T antigens. As a first test, the mutant T antigens were assessed for their ability to unwind a circular helicase substrate. Mutants 460ED, 462GA, 466DE, 488GA, 498RK, and 499DA failed to displace a short primer from the M13mp19 single-stranded DNA, and mutant 456RA exhibited a significant reduction in helicase activity ( Fig. 1 and Table 1 ). In contrast, mutants 455DN, 483RA, 493NQ, and 495DE all had more than 50% of the wild type's helicase activity. The mutants that were deficient in helicase activity were further tested for their ability to unwind an origin-containing DNA fragment (Fig. 2) . All mutant T antigens were severely defective, although mutant 460ED showed very limited unwinding when large amounts of T antigen were used (Fig. 2) .
ATPase activities of mutant T antigens. The free energy from ATP hydrolysis is required to drive T antigen to catalyze processive DNA unwinding. Thus, one explanation for the mutants' severely diminished origin DNA unwinding and helicase activities is that they were unable to hydrolyze ATP. The wild-type and mutant proteins were consequently analyzed for their ATPase activity by measuring the amounts of released phosphate. Mutants 466DE, 488GA, and 498RK had markedly reduced ATPase activity (Fig. 3, lanes 6, 7, and 8) , whereas all other mutants were capable of hydrolyzing ATP at a level equivalent to that of wild-type T antigen (Fig. 3, lanes 3, 4, 5 , and 9; Table 1 ). The addition of oligo(dT) stimulated ATPase activities of the wild type and mutants 456RA, 460ED, 462GA, and 499DA to the same extent (data not shown), further confirming that these mutant T antigens are normal in this activity. The altered ATPase activity of mutants 466DE, 488GA, and 498RK implies that these three amino acid residues play a FIG. 1. Helicase activity assays of wild-type (WT) and mutant T antigens. Four hundred nanograms of immunoaffinity-purified wild-type and mutant T antigens was incubated with an M13mp19 helicase substrate in helicase buffer for 30 min at 37°C. The reactions were stopped, and samples were analyzed on a 10% native polyacrylamide gel. The positions on the gel of the helicase substrate and product are indicated. a Quantitations were based on 400 ng of wild-type and mutant T antigens, except for the ATPase assay, for which 600 ng of proteins was used. Standard variations were determined from two to four trials of each assay.
crucial role in ATP binding and/or hydrolysis and most likely explains their undetectable helicase activity. The other four mutant T antigens (456RA, 460ED, 462GA, and 499DA) must be defective in helicase activity for some other reason.
Binding of mutant T antigens to origin DNA. For T antigen to unwind the origin DNA, it first recognizes and binds to the core origin and then oligomerizes into a double hexamer in the presence of ATP (14, 28, 67) . This sequence-specific binding is mainly mediated by the origin DNA binding domain mapping roughly from residues 131 to 259 (2, 29, 41, 42, 57) . The affinity of mutants 456RA, 460ED, 462GA, and 499DA for origin DNA was measured with a gel shift assay. The results showed that all four mutants bound origin DNA almost normally (Table 1 and Fig. 4) . Importantly, all those mutants oligomerized in a manner similar to that of the wild-type T antigen, as double hexamers appeared to be formed (Fig. 4) . This observation indicates that the overall structure of the mutant T antigens was not seriously perturbed.
Binding of mutant T antigens to single-stranded DNA. Our recent studies have revealed that T antigen employs its singlestranded DNA binding activity for unwinding origin DNA or a circular single-stranded DNA substrate (71) . Single-stranded DNA binding is also required for the structural distortion of the origin. Moreover, the importance of single-stranded DNA binding in helicase activity was also demonstrated in PcrA helicase (17) and Mcm4, 6, 7 complexes (35) . Since the singlestranded DNA binding domain has been mapped to amino acids 259 to 627 (70), mutants 456RA, 460ED, 462GA, and 499DA may have defects in single-stranded DNA binding, thus resulting in impaired helicase activity. To investigate this possibility, we carried out binding assays by using the bottom strand of an artificial replication fork as described by SenGupta and Borowiec (39) . Gel shift assays showed that the Table 1 ). Additionally, all mutants oligomerized in a pattern similar to that of wild-type T antigen by forming what appears to be single hexamers (Fig. 5 ). Therefore, the functional single-stranded DNA binding activity of the mutants suggests that their faulty helicase activity must be due to some other defect. Nonspecific DNA binding activities of T-antigen mutants. We have shown previously that full binding of T antigen to double-stranded DNA requires both the origin DNA binding domain and a poorly defined region between residues 269 and 522 (26) . In addition, nonspecific DNA binding seems separable from binding to single-stranded DNA (70) and may participate in DNA unwinding since a contact with doublestranded DNA takes place (38, 39, 49) . To investigate this, we tested the mutants' binding to a double-stranded DNA (TaqI fragment D of pSVOϩ) lacking origin sequences. As shown in Fig. 6 , while the wild type was able to form hexamers at low concentrations (lane 1) or double hexamers at higher concentrations (lanes 2 and 3), mutants 460ED and 462GA displayed essentially undetectable binding activity, while mutants 456RA and 499DA possessed only about 1/10 of the wild-type activity (Table 1) . Meanwhile, unlike what we observed in the binding assays with single-stranded and origin DNAs, the diffuse binding pattern of mutants 460ED and 462GA suggests that functional double hexamers were not assembled over doublestranded DNA. In contrast to the mutants' near-normal origin and single-stranded DNA binding activities, their significantly reduced binding to double-stranded DNA correlated with their completely defective origin DNA unwinding activity.
Replication fork unwinding assays. Since T antigen is naturally capable of denaturing DNA, one likely interpretation for the mutants' lack of unwinding ability is that they were intrinsically defective in helicase function regardless of the DNA substrate used. However, the unwinding of both substrates tested so far might have depended on an ability to engage with double-stranded DNA. We therefore assayed the same four mutants for helicase activity by using a synthetic replication fork DNA as the substrate. The synthetic replication fork DNA has a 25-bp double-stranded portion and two single-stranded overhangs formed by annealing two partially complementary 55-mer oligonucleotides (Fig. 7A) . T antigen has been shown to unwind this synthetic replication fork efficiently in the presence of ATP (39) . Since T antigen is a 3Ј-to-5Ј helicase (68) and because the mutants can oligomerize over single-stranded DNA (Fig. 5) , they may be capable of denaturing this substrate. Indeed, all four mutants were able to unwind this replication fork substrate DNA, albeit with decreased activity compared to the wild type ( Fig. 7A and Table 1 ). Small amounts of nicked DNA were also produced, which may have been generated by a contaminating nuclease. Our data strongly suggest that mutants 456RA, 460ED, 462GA, and 499DA still bear a large portion of their intrinsic helicase activity. To demonstrate that the mutants denatured this replication fork by attaching to the free 3Ј end, we generated a second substrate containing a free 3Ј single-stranded tail but no 5Ј tail. All four mutant T antigens denatured this substrate almost as well as they did the first replication fork substrate (Fig. 7B and Table 1 ). A third substrate, missing a free 3Ј tail but with a free 5Ј single-stranded extension, was constructed and tested (Fig.  7C) . Compared to the wild type (which denatures this DNA poorly), all four mutant proteins had very low unwinding activity (Table 1 ) similar to their relative ability to unwind the M13 partial duplex DNA substrate (Fig. 1 ). Our conclusion is that the mutants' native helicase activity is at least 50% of that of the wild type and that the inability to unwind the M13 helicase substrate and origin-containing DNA correlated strongly with a defect in non-sequence-specific doublestranded DNA binding. Structural distortion activity of mutant T antigens. When T antigen binds to the SV40 origin, a structural distortion consisting of melting the EP region and untwisting the AT track is essential for the subsequent DNA unwinding and replication (3, 32) . Structural distortion most likely involves many undefined contacts of T antigen with the sugar-phosphate backbone of the EP element and AT track (38) . Although structural distortion is closely related to origin-specific binding, it has been shown previously that they are separable from each other (9, 27) . Thus, it is quite conceivable that nonspecific doublestranded DNA binding plays a role in structural distortion. We therefore tested whether the nonspecific DNA binding-defective mutants could distort the structure of the origin in a KMnO 4 oxidation assay as previously described (4, 5, 9, 15, 47) . Figure 8 shows that all four mutants were significantly defective in inducing an EP melting signal. Under the conditions that we used, the WT's AT untwisting signal was weak, but it appeared that the mutants were defective in that activity as well. Our data support the conclusion that nonspecific DNA binding is needed for structural distortion of the origin.
DISCUSSION
We report in this study that four mutants of SV40 T antigen with single-amino-acid substitutions in the helicase domain were extremely defective in binding nonspecifically to doublestranded DNA and in performing a helicase reaction with an M13 partial duplex DNA substrate (Table 1) . In contrast, they retained a significant portion of their ability to denature artificial replication forks containing 3Ј single-stranded DNA extensions ( Fig. 7A and B ; Table 1 ), implying that the mutant T antigens still serve as fairly efficient helicases. The mutant T antigens were, however, mostly incapable of unwinding a replication fork with a free 5Ј single-stranded DNA extension ( Fig. 7C and Table 1 ). These results strongly indicate that a free 3Ј single-stranded DNA tail is needed for the mutant T antigens to unwind replication fork substrates. Previous footprinting data showed that T antigen protects both the singlestranded and duplex regions of replication forks or bubbles (39, 50, 54, 66, 67) , suggesting a possible role of nonspecific double-stranded DNA binding in the unwinding of duplex DNA (74) . In contrast, our data suggest that nonspecific double-stranded DNA binding is not strictly required for helicase activity. The failure of the mutants to unwind a replication fork with a 5Ј tail (Fig. 7C) or an M13 helicase substrate that is mostly circular single-stranded DNA with a short annealed strand (Fig. 1) is probably due to their inability to properly load onto DNA that does not have a free 3Ј tail. The mutant proteins can recognize and bind to all these substrates (data not shown), probably as a result of their normal single-stranded DNA binding activity (Fig. 5) . We speculate from these observations that double-stranded DNA binding activity is required for T antigen to unwind DNA from a double-stranded DNA end but that this activity is mostly dispensable for melting DNA with an exposed 3Ј tail.
Our data also demonstrate that nonspecific double-stranded DNA binding activity is not important for T antigen to engage origin DNA. The same four mutants all showed near-normal (Fig. 4 and Table 1 ). Consistent with this finding, we reported in an earlier study that inhibition of nonspecific DNA binding activity by monoclonal antibodies had only minimal effects on the origin DNA binding (26) . In addition, most of the nonspecific DNA binding activity has been mapped to a region outside of the origin DNA binding domain (26, 72) . Numerous studies have demonstrated that T-antigen polypeptides containing the origin DNA binding domain have poor binding to various originlacking DNA fragments but bind efficiently to origin-containing DNA (23, 24, 60) . Our results demonstrate that the mutants form apparent double hexamers on origin DNA (Fig.  5) , suggesting that binding to the origin is mediated primarily through sequence-specific binding by the origin binding domain. Overall, it is likely that nonspecific DNA binding activity is separate from origin DNA recognition and assembly into double-hexamer structures. We previously showed that single-stranded and nonspecific double-stranded DNA binding activities reside in functional domains that partially overlap with each other (26, 70, 72) . Interestingly, mutation of Glu to Ala at residue 460 abolished binding of T antigen to single-stranded DNA (71) , whereas a conservative change to Asp at the same site retained the singlestranded DNA binding but resulted in a total loss of nonspecific double-stranded DNA binding (Fig. 5) . These results indicate that certain residues, such as Glu 460, may be important for both binding activities. Although it has been shown that both non-sequence-specific single-stranded and doublestranded DNA binding are brought about primarily by contacts of T antigen with the sugar-phosphate backbone of DNA (39), our results indicate that these two activities are distinguishable (26, 70, 72) . Structural studies revealed that either singlestranded or double-stranded DNA is encircled by the ring-like structure of T-antigen hexamers with the size of the central channel being different (25, 34, 63, 64) . These observations imply possible structural changes of T-antigen hexamers in response to different DNAs (25) . Therefore, the difference between single-stranded and nonspecific double-stranded DNA binding may reflect distinct conformational states of T-antigen hexamers.
Structural changes at the origin (melting of the EP region and untwisting of the AT track) are essential for DNA unwinding and replication (3, 5, 15) . We demonstrate here that nonspecific DNA binding correlates well with structural distortion of the origin. Although we previously reported that origin distortion is closely linked with origin binding (47, 73) , it does not rely solely on origin DNA binding since T antigen is able to weakly melt the EP region in the absence of the central palindrome in the origin (32) . Additional regions or activities of T antigen are also required. These include the zinc finger region (27) , the N-terminal side of the origin binding domain (9) , single-stranded DNA binding (71) , and nonspecific doublestranded DNA binding (this study). One possible interpretation for the mutants' failure to carry out structural distortion in the EP region is that they might have aberrant interactions with the early half of the origin. This would be consistent with the model that the sequences flanking site II are probably covered and then structurally altered by the helicase domain (25, 63) . These interactions are likely to be dependent on 5, 8, 11 , and 14), 800 (lanes 3, 6, 9, 12, and 15), and 1,200 (lanes 4, 7, 10, 13, 16) ng of T antigens were incubated with pSVO⌬2792 DNA in replication buffer at 37°C for 20 min followed by an immediate treatment with KMnO 4. After the oxidation was terminated, a primer extension assay was performed to detect KMnO 4 -modified sites in the DNA, and the extended products were resolved on a 7% sequencing gel. The locations of melted EP region and untwisted AT track are indicated.
normal nonspecific double-stranded DNA binding activity since generic protein-DNA contacts are involved (38) .
The recently resolved crystal structure of the T-antigen helicase provides a structural basis for understanding the defects of mutant T antigens. All four mutated residues reside on two neighboring ␣-helices that lie near the central channel of the T-antigen hexamer (25) . Interestingly, the side chain of residue Arg 456 protrudes into the channel, suggesting that it makes direct contacts with the accommodated DNA. On the other hand, the other three sites do not seem to directly participate in DNA binding but are probably necessary for the proper positioning of residue Arg 456 or of Lys 512 or His 513, residues that also lie in the main channel. Mutations of residues 460, 462, and 499 might abolish DNA binding by altering the local conformation of their two helices and subsequently interrupting binding of the residues in the main channel to double-stranded DNA.
The inability of the four mutants to unwind an origin-containing DNA fragment is mostly a consequence of the defect in performing the helicase reaction on double-stranded DNA. A second reason is the failure to structurally distort the origin. Hence, the mutants should be totally unable to unwind circular DNA containing the origin since both activities are required (3, 9, 14, 21, 53, 68) . All of these defects appear to be due to a lack of binding double-stranded DNA. Based on these observations, we propose that the mutants are incapable of switching from a sequence-specific DNA binding protein to one that binds nonspecifically, as suggested recently for WT papillomavirus E1 and SV40 T antigen (59, 60) . Nonspecific doublestranded DNA binding is, therefore, one of the subactivities required for origin DNA unwinding in addition to origin-specific DNA binding (2, 29, 44, 48, 57) , ATP binding and hydrolysis (68), oligomerization (28) , interactions between hexamers (49, 65), and single-stranded DNA binding (70, 71) . We conclude that non-sequence-specific double-stranded DNA binding is critical for at least two separate activities during DNA replication. First, it is needed for T antigen to melt the EP region and probably untwist the AT track. Second, this activity is required to carry out the helicase reaction from the origin.
